Introduction
Calculus Bovis, commonly known as Niuhuang in China, is the dried gallstone of Bos taurus domesticus Gmelin and one of the most important and precious traditional Chinese medicines (1). First reported in Shennong Bencao Jing (the earliest Chinese herbal classic), Calculus Bovis is clinically useful for its various pharmacological actions such as sedation, immunoregulation, anti-hyperspasmia, fever relief and anti-inflammation (2 -6) . Numerous attempts have been made to obtain artificial Calculus Bovis because of the rareness of the natural resource, and fortunately, substitutes for Calculus Bovis are now available in clinical and medicinal preparations through simply mixing bilirubin, taurine, bile acids (BAs) and other trace constituents (Figure 1 ).
Traditional Chinese medicine is composed of multiple chemical elements with complicated interaction mechanisms that cause the therapeutic effects, which may cause difficulties in its quality control (7, 8) . According to previous papers, taurine can partly attenuate the harmful actions of bile acid to cells (9, 10) , and bilirubin is the indispensable component for some of the most important therapeutic effects of Calculus Bovis (11) . Bilirubin, taurine and BAs are viewed as the primary effective components in Calculus Bovis; there is great variation in its internal quality and efficacy due to diverse sources, species and preparation techniques (12) (13) (14) (15) . Thus, a simple and accurate method of analyzing the active components in its substitutes is highly desirable for quality control.
In the Chinese Pharmacopoeia, only bilirubin and cholic acid (CA) are the marker components for the quality control of artificial Calculus Bovis and its preparations, which cannot fully reflect the quality. Various sample preparations and chromatographic and detection methods have been employed for the determination of Calculus Bovis and its substitutes, such as spectrophotometry (16) , thin-layer chromatography (TLC) (17) , liquid chromatography (LC) (18, 19) , capillary electrophoresis (CE) (20, 21) and gas chromatography (GC) (22) . These methods, however, merely focus on the quantitative analysis of several components in Calculus Bovis. The absence of a chromophore in BAs and the thermal instability of bilirubin hamper their detection when only using an ultraviolet detector or an evaporative light scattering detector. No literature has systematically and comprehensively elucidated the effective components in artificial Calculus Bovis and their interactions.
Currently, liquid chromatography coupled with tandem mass spectrometry (LC-MS-MS) has become more common in quantitative analysis of drugs owing to its high selectivity and sensitivity, particularly in the selected reaction monitoring (SRM) mode. Qiao et al. (15) presented an LC-MS-MS method for the simultaneous determination of eighteen BAs in bile-based crude drugs and the quality control of these drugs. Unfortunately, this method only focused on clarifying the differences of BAs in both raw materials and formulated products, which could not fully represent the variation in quality. This article is dedicated toward the development of a sensitive and reliable LC-MS-MS method for the simultaneous determination of bilirubin, taurine and Bas; additionally, 10 batches of artificial Calculus Bovis samples were analyzed.
Experimental

Chemicals and reagents
Methanol (HPLC grade) was obtained from Merck (Darmstadt, Germany). Deionized water was prepared by a Milli-Q system (Millipore, Bedford, MA). All other chemicals were of analytical grade.
Bilirubin, taurine, CA, deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA) and hyodeoxycholic acid (HDCA) were purchased from Chinese National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Lithocholic acid (LCA), taurocholic acid (TCA), taurodeoxycholic acid (TDCA), taurolithocholic acid (TLCA), glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA) and dehydrocholic acid (dhCA) were from Sigma-Aldrich (St Louis, MO). Ten batches of artificial Calculus Bovis samples from various sources are listed in Table I , which were authenticated by Prof. Zunjian Zhang (Key Laboratory of Drug Quality Control and Pharmacovigilance, China Pharmaceutical University).
Preparation of stock, working, calibration and quality control standards First, 13 standards, including CA, DCA, CDCA, UDCA, HDCA, LCA, TCA, TDCA, TLCA, GCA, GCDCA, bilirubin and taurine, were accurately weighed and dissolved in a 5 mL volumetric flask. Methanol was used to dissolve BAs; dimethyl sulfoxide (DMSO) -CHCl 3 -CH 3 OH (2:2:1) was used to dissolve bilirubin; CH 3 OH -deionized water (3:2) was used to dissolve taurine. Second, the mixed stock solution of standards was prepared by mixing the 13 standard solutions in different ratios, containing CA (62.5 mg/mL), DCA (62.5 mg/mL), CDCA (62.5 mg/mL), UDCA (62.5 mg/mL), HDCA (62.5 mg/mL), LCA (62.5 mg/mL), TCA (62.5 mg/mL), TDCA (62.5 mg/mL), TLCA (62.5 mg/mL), GCA (250 mg/mL), GCDCA (62.5 mg/mL), bilirubin (125 mg/ mL) and taurine (250 mg/mL). Finally, the mixed stock solution was serially diluted (dilution factors: 1, 5, 25, 50, 100, 200, 500 and 1,000) to form calibration standard solutions. The compound dhCA, as the internal standard (IS), was diluted to a fixed concentration (5.00 mg/mL). Calibration standard samples were prepared by mixing each calibration standard solution with IS solution (4:1, v/v). Quality control samples were prepared by using the same procedure at three concentration levels. All standard solutions were sealed and stored at 48C until use, and were kept at 168C during the analysis process. Sample preparation Ten batches of artificial Calculus Bovis samples were stored in vacuum desiccators until use (Table I ). All samples were ground into fine powder and an aliquot of 5.00 mg of each sample was accurately weighed and extracted with 10 mL mixed solvent (DMSO -CHCl 3 -CH 3 OH ¼ 2:2:1, v/v). The samples were vortexed for 2 min, ultrasonicated for 30 min and then centrifuged (4,000 rpm) for 5 min. The supernatants were sealed and stored at 48C, and filtered through 0.22 mm Millipore membranes before LC -MS-MS analysis.
LC-MS-MS conditions
Liquid chromatographic separation and mass spectrometric detection were performed using the Finnigan TSQ Quantum Discovery MAX LC -MS-MS system consisting of a Finnigan Surveyor LC pump and a Finnigan Surveyor autosampler and combined with a triple quadrupole TSQ Quantum mass spectrometer via electrospray ionization (ESI) interface (Thermo Fisher, Palo Alto, CA). The chromatographic separation was on a Zorbax SB-C18 analytical column (150 Â 2.1 mm, i.d.; 5 mm). The mobile phase consisted of The flow rate was 0.3 mL/min. The high-performance liquid chromatography (HPLC) effluent was introduced into the mass spectrometer without splitting. The column temperature was set at 308C, and the sample tray temperature was maintained at 168C.
For MS detection, the ESI source was operated in the negative ion mode and run with Xcalibur 2.0 software (Thermo Fisher). High-purity nitrogen was used as the sheath (41 arb) and auxiliary (25 arb) gas and high-purity argon was used as the collision gas (1.5 mTorr). The parameters were as follows: spray voltage, 4.0 kV; capillary temperature, 3708C; scan width for SRM, 0.1 m/z; scan time, 0.5 s. The peak width settings for both Q1 and Q3 were 0.7 m/z. The SRM ion pair transitions and collision energy levels of each component are listed in Table II . Results and Discussion
Optimizations of extraction conditions
Because the active components in artificial Calculus Bovis have different polarities, a suitable solvent system plays a key role in ensuring the feasibility of the proposed methodology. BAs can easily be dissolved in common solvents such as methanol and water due because of their strong polarity, whereas bilirubin cannot be extracted from these solvents. According to the correlative reference (23) , bilirubin has relatively good solubility in DMSO, chloroform and acidic solvents. Considering the simultaneous extraction for multiple components and the complete extraction of bilirubin, a mixed solvent of DMSO, chloroform and methanol was used to prepare the standard solution of bilirubin and the sample solution of artificial Calculus Bovis. Additionally, taurine cannot completely dissolve in pure methanol, so a certain proportion of water was added during preparation of the standard solution of taurine.
Afterward, different extraction methods (maceration, percolation and ultrasonic bath), extraction repetitions (1-3 times) and different extraction times (10, 30 or 90 min) were compared. The results indicated that the ultrasonic bath had the best extraction efficiency among these methods, and one extraction for 30 min was sufficient with respect to extraction yield.
Chromatographic separations of active components
At the initial stage of this study, many solvent combinations were investigated, and the methanol -aqueous acid solvent system was applied because it provided a relatively satisfactory chromatographic resolution. The active components in artificial Calculus Bovis (bilirubin, taurine and BAs) are multicomponents with large differences in polarity and molecular structure, which calls for a gradient elution.
BAs (except CA) are isomers and have almost identical chemical structures, which causes difficulty in desirable separation. Many kinds of HPLC columns were tested and the Zorbax SB-C18 column was finally selected because it provided the best separation resolution. Moreover, different concentrations and types of modifiers were studied throughout the experimental work, including formic acid, ammonium formate, ammonium acetate and triethylamine. It was found that the presence of formic acid in the ammonium acetate buffers was essential in the resolution of these components. It could play a double role: (i) greatly improving the sensitivity and repeatability of MS detection at low pH by increasing the protonation process of the analyte in the ESI source; (ii) contributing to the chromatographic separation and peak shape of the analyte. Furthermore, the column temperature and flow rate were also studied and the ultimate methodology was described previously.
Optimization of MS conditions
Solutions of every standard (100 mg/mL) were separately injected into the ESI source by continuous infusion in negative ion mode to produce MS-MS spectra (Figure 2 ). The spray voltage and capillary temperature were first optimized for the precursors of each analyte, and finally spray voltage (4.0 KV) and capillary temperature (3708C) were chosen to ensure that every compound showed good mass response. Collision energy was then optimized for each transition, and it was difficult to find a stable product ion for taurine and most of the unconjugated BAs. With HDCA, for example, no prominent product ion was found under lower collision energy (collision energy: 20.00). If the collision energy was raised to 40.00, some product ions were produced, but they were not stable enough for quantitative determination. When the collision energy was further increased to 55.00, all precursor ions were completely dissociated into unstable fragment ions. Based on this finding, molecular ions were finally chosen as both precursor and product ions for taurine and most of the unconjugated Bas, except for CA (407.3 ! 343.3) and dhCA (401.3 ! 330.9). Similar translations have been previously reported (24) (25) (26) (27) . For conjugated BAs, the typical fragment ions of glycine (m/z 73.8) and taurine (m/z 80 or 124) were selected as the product ions. Meanwhile, bilirubin nearly showed no quasimolecular ion, especially in the spectra of MS1, which might be due to its instability. However, a product ion (583.3 ! 284.8) was observed in the SRM mode, which was applied to the quantitative analysis of bilirubin although the response was lower than taurine and BA. A typical SRM chromatogram of each analyte is shown in Figure 3 . The collision energy was also optimized for all ion pairs, which is shown in Table II .
Validation of the LC -MS-MS method
The present experimental data showed that all analytes had good linearity (r 2 . 0.994) in a wide dynamic range by analyzing eight different concentrations of the mixed standard solutions. The limits of detection (LODs) were measured by injecting serially diluted calibration standard solutions and calculated according to signal/noise ¼ 3, and the LOD ranged from 0.004 to 0.028 mg/mL (Table II) .
The stock solutions and the working solutions were stable through 20 days when stored at 48C or for 24 h at ambient temperature. The intra-day and inter-day accuracy and precision were determined by analyzing six replicates (n ¼ 6) of three quality control samples during a single day and four consecutive days, respectively. The repeatability tests were conducted by analyzing the same quality control samples among three different runs. Precision was calculated and expressed as the coefficient of variation (CV). The accuracy was calculated as percent bias. As shown in Table III , both accuracy and precision were well within acceptable limits, indicating acceptable precision and stability of the present method. Meanwhile, a standard addition test at three concentration levels (approximately equivalent to 0.8, 1.0 and 1.2 times the concentration of the matrix) was performed to determine the recovery of each analyte, in which Sample E (Table I) for quantitative analysis was used as the matrix. The average recoveries were calculated by the formula: recovery (%) ¼ (amount foundoriginal spiked)/amount spiked Â 100%. The results showed that the recoveries ranged from 90.69 to 109.36% within RSD of 8.09% (Table IV) .
Sample analysis
According to the proposed method, 10 batches of artificial Calculus Bovis samples were analyzed. Figure 4 shows the SRM chromatograms of a representative artificial Calculus Bovis sample. By comparing with each standard and analyzing their tandem mass spectra, taurine, bilirubin, dhCA and major BAs in the chromatogram were characterized (Figure 2 ). By carefully analyzing the chemical profiles listed in Table V , it was found that all the samples contained noticeable derivatives of CA and DCA, including CA, HDCA, GCA, TCA and TDCA. (29, 30) . DCA and HDCA have weak antibacterial effects when used alone, but the combination of these two components has 33-fold stronger activity (31) . In the currently employed quality control systems, only CA and bilirubin were chosen to be indices in the quantitative analysis, which cannot fully represent the quality variation in different samples. The proposed method quantitatively and simultaneously analyzed taurine, bilirubin and 11 kinds of BAs (Table V) , which may more vividly and precisely reflect the quality of artificial Calculus Bovis.
Because of the different sources and species, the contents of individual components varied significantly among different samples. In this study, taurine, bilirubin, unconjugated BAs, glycine-conjugated BAs and taurine-conjugated BAs among 10 batches of samples were further analyzed in Figure 5 . As the data display, the ratios of these five groups varied remarkably among different samples. In particular, the primary components of unconjugated BAs ranged widely from 45 to 65%. Some studies have reported that Calculus Bovis shows better clinical efficacy although some components are less than those of artificial Calculus Bovis (12, 13, 15) . This phenomenon, to a degree, shows that the interaction mechanism among multiple components plays a more important role in terms of therapeutic effects. Thus, the ratio of every group of components should be used as an index for quality control in Calculus Bovis and its substitutes.
Conclusions
In this work, an LC-MS-MS method was successfully established and developed for simultaneous determination of taurine, bilirubin and major BAs in artificial Calculus Bovis. The proposed method was fully validated with respect to accuracy, precision and repeatability. The results revealed that the comprehensive method established in this study was suitable for the sensitive and accurate determination of the contents of major components in artificial Calculus Bovis and can be used for the quality control of artificial Calculus Bovis and its formulated products.
